Growth of the traffic flow and traffic accident has raised more and more demands on wireless communication and positioning technologies that can provide new services such as vehicle collision warning and traffic management. Currently, the global navigation satellite system such as global positioning system and BeiDou satellite positioning system is widely used in vehicles and is fairly accurate in flat open areas. However, the global navigation satellite system can only work in line of sight environment, and it fails to operate in non-line of sight tunnels or downtown areas where blockage of satellite signals is frequent. Because of the shortages of global navigation satellite system, the wireless ranging or positioning system using the short preamble of IEEE 802.11p is provided. Typically, accurate time of arrival estimation is very important for positioning estimation. In order to improve the precision of the time of arrival estimation, a correlation-sumdeviation method for ranging using the IEEE 802.11p short preamble is proposed. Simulation results are presented which show that in both the additive white Gaussian noise channel and the international telecommunications union multipath channel for vehicular environments, the proposed method provides better precision and is less complex than other techniques, particularly when the signal-to-noise ratio is low.
Introduction
The report by the World Health Organization (WHO) 1 indicates that worldwide the total number of road traffic deaths remains unacceptably high at 1.24 million per year, road traffic injuries are the eighth leading cause of death globally, and the leading cause of death for young people aged 15-29 years. Current trends suggest that by 2030, road traffic deaths will become the fifth leading cause of death unless urgent action is taken. 2 The most promising actions are the development of cooperative collision avoidance (CCA) and emergency warning message (EWM) systems in vehicular ad hoc networks (VANETs) 3 where each vehicle can predict potential hazards and can take proper steps to avoid collision by sharing information such as location, speed, acceleration, and so on. The major characteristic of CCA or EWM applications is high demand on the latency and reliability of the relative location of each neighbor's vehicle. 4 However, how to accurately determine the vehicle's location is still a challenge. Without the accurate position estimation, the CCA or EWM systems will not produce the timely alert with potential danger ahead or may get some unwanted warnings when there is no danger ahead.
Currently, the global navigation satellite system (GNSS) is widely used in vehicles and is fairly accurate in flat open areas such as global positioning system (GPS) and BeiDou satellite positioning system (BDS). However, GNSS can only work in line of sight (LOS) environment, and it fails to operate in non-line of sight (NLOS) tunnels or in downtown areas where blockage of satellite signals is frequent. GNSS must be integrated with other techniques such as local wireless position inertial navigation system (INS), digital map, radar, and so on. China has developed a regional navigation satellite system called the Chinese area positioning system (CAPS). In order to improve CAPS location precise, in Xiao et al., 5 ultra wide-band (UWB) pseudo-satellite signals were used, which provide better performance than the GNSS system. A three-layer framework was presented in Ansari et al. 6 to monitor the performance of real-time relative positioning in intelligent transportation systems (ITS) 7 that support cooperative collision warning applications. The IEEE 802.11p standard is employed for data communication, while the global positioning system real-time kinematic (GPS-RTK) technique is used for positioning. Unfortunately, these systems also perform poorly in NLOS environments.
Because of the short or partial GNSS signal outages, the wireless positioning system using the short preamble (SP) of IEEE 802.11p is provided in this article. IEEE 802.11p-2010 standard 8 is an approved amendment to the IEEE 802.11 standard to add wireless access in vehicular environments (WAVE) to support ITS applications. The original IEEE 802.11a standard was designed for local area networks (LAN), 9 so it cannot work well in the rapidly changing vehicle environment, that is, the high Doppler frequency shift caused by the high relative velocities, fast fading wireless channel, and the multipath issue. In the physical (PHY) and media access control (MAC) layers of IEEE 802.11p, some small modifications are made to achieve a robust connection and a fast setup for moving vehicles, such as the longer symbol duration, guard time, and fast Fourier transform (FFT) period.
There are several methods for wireless positioning. Most of them are based on the time of arrival (TOA) or time difference of arrival (TDOA), received signal strength (RSS), or angle-of-arrival (AOA) of the received signal at a collection of wireless sensors. Basically, the former three methods will determine the ranging from the base station to the target node (the node to be positioned). Under ideal circumstances, the ranging result can be accurately determined, but in practice, there do exist some measurement errors. This is a very challenging problem due to the severe environments encountered, for example, thermal noise, multipath fading, reflection interference, and inter-symbol interference (ISI). International telecommunications union (ITU) has provided the channel model for vehicular test environment, 10 which illustrates the multipath fading, and the channel is used in the simulation described in section ''Performance results and discussion.'' Parker 11 provided a method, which uses signalstrength-based inter-vehicle-distance measurements, vehicle kinematics, and road maps to estimate the relative positions of vehicles in a cluster.
The ranging or TOA estimation problem has been extensively studied. There are three approaches of applicable technology: matched filter (MF) (such as a Rake or correlation receiver) with high-precision correlation, energy detector (ED) with low complexity and precision, and received signals fingerprint for specific scene with database. An MF is the optimal technique for TOA estimation, where a correlator template is matched exactly with the received signal. The PHY of IEEE 802.11p is based on the orthogonal frequency division multiplexing (OFDM), which is same as used in the 802.11a protocol. An adaptive threshold algorithm for frame and symbol timing synchronization in burst OFDM communication systems is presented in Sun and Zhang, 12 which is based on the IEEE 802.11a OFDM preamble. The bit-error rate was analyzed, but a comparison with other algorithms and the timing estimation performance were not given. Schmidl and Cox 13 developed the well-known Schmidl-Cox (SC) timing estimation method which is recommended in the IEEE 802.11a standard. 14 However, the timing metric in Schmidl and Cox 13 results in a plateau which leads to uncertainty in the timing estimation. Minn et al. 15 proposed the Minn-Zeng-Bhargava (MZB) timing estimation method for OFDM systems to reduce the uncertainty due to the this plateau, but their metric produces a parabolic shape so there is still uncertainty in the estimation and the performances of the timing offset estimators in additive white Gaussian noise (AWGN) channel and an ISI channel are compared in terms of estimator variance obtained by simulation. Reddy et al. 16 have given a modification to the timing metric of Schmidl and Cox 13 to reduce the plateau; however, the single peak will be affected by noises, so the timing offset estimator is still uncertain.
In order to improve the precision of the time delay estimation for positioning, a correlation-sum-deviation method is proposed in this article. The remainder of this article is organized as follows. In section ''System model,'' the system model is presented. Section ''Timing estimation methods'' introduces the proposed correlation-sum-deviation timing estimation method.
Introduction IEEE 802.11p is an approved amendment to the PHY and MAC layers of IEEE 802.11a to be used in the express ways (high velocity, approximately 200 km/h) and urban areas (high multipath fading) in a range of 1000 m. It can deal with the severe Doppler frequency shifts, rapidly changing multipath conditions, fast connection setup, and reliable data exchange. A major difference in the PHY layers of the IEEE 802.11a and 802.11p standards is the larger 802.11p symbol duration. This results in a longer guard interval (GI) or cyclic prefix (CP) which provides tolerance to greater delay spreads and ISI due to very high vehicular speeds.
OFDM symbol
OFDM is a digital modulation technique used to mitigate the effects of fading. In the IEEE 802.11p standard, an inverse fast Fourier transform is used to generate the OFDM symbols. Each data symbol has 64 orthogonal subcarriers, 48 data transmission, 4 pilot signals, and 12 null subcarriers. The four pilot signals are placed at positions 221, 27, 7, and 21, which are used to prevent spectrum overlap with neighboring channels.
In the IEEE 802.11p standard, the subcarrier channel bandwidth is 10 MHz and the carrier frequency is 5.9 GHz. Therefore, each subcarrier has a frequency spacing of D F = 10/64 = 0.15625 MHz. This is half of the channel bandwidth (or double the symbol duration), in the 802.11a standard. The duration of one data symbol in IEEE 802.11p is T FFT = 6.4 ms, which is twice of IEEE 802.11a. The GI has a duration of 1.6 ms.
There are four modulation modes defined in 802.11p to convert binary bits into complex data, which are Binary Phase Shift Keying (BPSK), Quadrature Phase Shift Keying (QPSK), 16QAM (Quadrature Amplitude Modulation), and 64QAM. The modulation of subcarrier S k can be expressed as in equation (1)
where a k and b k are the amplitude and phase of kth subcarrier in the constellations; K is the normalization factor that depends on the modulation mode, that is,
These complex data are not suitable for transmission over the vehicular channel, so before transmission, they have to be transformed into analog signal waveform by the modulator of IFFT. At the receiver side, FFT block is used to convert the received signal into the frequency domain.
Preamble symbol
The format of IEEE 802.11p PHY layer is shown in Figure 1 . The preamble field used for time, frequency synchronization, and channel estimation is divided into two parts: 10 SP symbols and two long preamble (LP) symbols. Each SP symbol consists of 12 nonzero subcarriers located at positions 6 (4, 8, 12, 16, 20, and 24) which gives
f0, 0, +1 + j, 0, 0, 0, À 1 À j, 0, 0, 0, + 1 + j, 0, 0, 0, À 1 À j, 0, 0, 0, À 1 À j, 0, 0, 0, + 1 + j, 0, 0, 0, 0, 0, 0, 0, À 1 À j, 0, 0, 0, À 1 À j, 0, 0, 0, +1 + j, 0, 0, 0, +1 + j, 0, 0, 0,
The corresponding OFDM symbol is
where N = 52 and w(t) is the window function of the SP. The factor ffiffiffiffiffiffiffiffiffiffi 13=6 p normalizes the average power of the OFDM symbol as it uses only 12 subcarriers. Because S has nonzero values only for indices that are a multiple of 4, the SP symbol duration is T FFT / 4 = 1.6 ms. Thus, the SP symbols have a duration of 16 ms.
Each LP symbol consists of 52 nonzero subcarriers and 12 null subcarriers with a duration of 6.4 ms. Between the SPs and LP are two GI symbols (each of duration 1.6 ms). Thus, the preamble has duration of 10 3 1.6 ms + 2 3 1.6 ms + 2 3 6.4 ms = 32 ms.
The preamble is used for time and frequency synchronization as well as channel estimation. The short symbols are typically used for coarse time estimation of the signal and the long symbols are used for fine estimation. The coarse time estimation is critical to the success of the fine estimation and so is considered in this article. 
Channel
In most cases, the send signal may be reflected, scattered, or diffracted by different objects, which may cause a number of different paths and introduce the LOS or NLOS to the channel between transmitter and receiver. To date, there is no generally accepted model for vehicular channels. However, the AWGN channel has long been employed as a baseline for communication systems, while the Rician model for LOS multipath channels and the Rayleigh model for NLOS multipath channels are commonly used. At the same time, ITU vehicular test environment 10 can be used to model the multipath delays and channel gains. The recommendation specifies two different delay spreads: low delay spread (A) and medium delay spread (B). The simulation in this article uses Channel A which has six taps with power gains 0, 21, 29, 210, 215, and 220 dB and relative delays 0, 310, 710, 1090, 1730, and 2510 ns. The received OFDM signal in the time domain is affected by phase noise F(t) and AWGN w(t), so it can be expressed as
Timing estimation methods Normally speaking, in the receiver, the signal is correlated with the corresponding reference template signal. The correlation function is defined as follows
where T 0 is the correlation duration, p(t) is the reference template signal, and r(t) is the received signal. Receiver can calculate the propagation delay or the time offset according to the position of the maximum output signal from the correlator. Thus, time offset estimation is used to calculate the vehicle ranging by multiplying the speed of electromagnetic wave. So, the inaccurate time offset may cause inaccurate vehicle ranging estimation. Several techniques have been developed for OFDM-based coarse time estimation.
Well-known methods
In OFDM, the time estimation algorithms do not need to estimate the exact packet start point and sometime error is allowed if the whole multipath channel is covered by the CP. Therefore, if offset estimation is used to calculate the vehicle ranging, more accurate time estimation is required. Obviously, using all the SP samples has better performance than using less SP samples, yet it requires more computational load. To reduce the complexity, a lot of suboptimal algorithms are proposed.
SC method. In the SC method, 13 the preamble pattern in the time domain is [GI A A], so that after the GI, the symbol in the first half is the same as that in the second half. The GI is the same as the last part of symbol. The SC method uses the following timing metric
where P(d) and R(d) are the auto-correlation and energy of the received signal r, respectively, given by
where L is the length of r, d is the time index corresponding to the received samples, and * denotes complex conjugate. Thus, there are N = 2L training samples. Figure 2 presents |P(d)| 2 , R 2 (d), and M(d) with L = 32 for an ideal channel without noise and a time delay of 191 samples. For the IEEE 802.11p structure, the length of the SPs is 160 samples, so the first 160 2 2L = N g = 96 samples are considered to be the GI. This shows that the timing metric forms a plateau which has a length equal to the length of the GI (N g = 96 samples) minus the length of the channel delay spread. In an AWGN channel, there is no delay spread, so the length of the plateau is 96 samples.
The plateau with the SC method results in uncertainty in the timing estimation. As the length of the SPs is 160 samples, N g = 0 is required to eliminate the plateau, which gives L = 80.
Reddy-Mahanta-Bora method. In order to overcome the uncertainty leaded by the plateau in SC method, Reddy et al. 16 have given a modification to the timing metric of equation (6), as shown in equation (9)
Here, there is no plateau in K(d). As shown in Figure 3 , an example of timing metric M(d) of SC and K(d) of Reddy-Mahanta-Bora (RMB) method is simulated in an AWGN channel with E b /N 0 (the energy per bit to noise power spectral density ratio) = 30 dB, time delay = 191 samples, and L = 16.
MZB method. The MZB timing metric is averaged over a window of length N g + 1 samples which is given by
where N g is the length of the GI, M(d) is the same as in equation (6), and P(d) is the same as in equation (7), but R(d) is given by
where N is the number of training samples N = 2L. Figure 4 shows |P(d)| 2 , R 2 (d), and M 1 (d) for the MZB method with N g = 96, N = 64, and L = 32 in an ideal channel with a time delay of 191 samples. Compared to Figure 2 , there is no plateau, but the peak is parabolic and is not very sharp.
MathWorks method. The SC, RMB, and MZB methods all use the auto-correlation of the received signal, but in the software of MATLAB, MathWorks 17 method employs a cross-correlation between the received signal and the known SP given in equation (2). The timing metric M(d) is the same with the SC method as shown in equation (6), but P(d) and R(d) are defined as
where t(1 + m) is the SP sequence, that is, the reference template, with length T = 16. During the timing period, the 60% of the maximum of normalized M is used as a threshold to choose the peaks from M. If the peaks exceeding the threshold are located in the spacing of 16 times (16, 32, 48, ., 128) and the count of these peaks is more than 5, the location of the first peak (L first ) is deemed as the peak of the first path, and the delay (D est ) is estimated aŝ
Two examples of timing metric M(d) are simulated in Figure 5 with time delay = 191 samples and E b /N 0 = 0 dB and 30 dB, respectively. In these cases, the first peak should be located at L first = 191 + 16/ 2 + 1 = 200th samples. As shown in Figure 5 , when E b /N 0 = 30 dB, the nine peaks are very sharp and the first peak appears at 200th sample, as expected. When E b /N 0 = 30 dB, all nine peaks exceed the threshold, but when E b /N 0 = 0 dB, there are only two peaks exceeding the threshold, so the timing offset cannot be estimated accurately. In order to solve this problem, a further step is put forward in section ''Proposed method.'' 
Proposed method
The main steps of the proposed method contain correlation, sum, and deviation.
Correlation. The first step, named as correlation, is the same as MathWorks method. As shown in Figure 5 , in an ideal environment, M(d) will have nine peaks, and the spacing between each adjacent desired peak will be 16 samples. However, if E b /N 0 is low, the noise can affect the number of peaks that exceeds the threshold, and it is difficult to determine the optimal threshold value.
Sum. The sum of nine values of M(d) spaced T = 16 samples apart is considered, as shown in equation (15) 
and the time delay (D est ) estimate is obtained aŝ
In ideal environment with no noise, the group-sum G(t) is simulated in Figure 6 with time delay = 191 samples. Now, there are 17 symmetrical peaks and the location of the maximum peak is just the position to be found, which should be located at 191 + 16/ 2 + 1 = 200.
As E b /N 0 decreases, the M(d) of MathWorks method becomes more and harder to be identified, but the group-sum G(t) is better. As shown in Figure 7 , when E b /N 0 = 25 dB, the nine peaks of M(d) are very hard to be identified, but the maximum of G(t) is very clear and appears at 200th sample, and then the time delayD est can be estimated correctly. Generally speaking, the sum of the desired peaks may be higher than the others.
However, as E b /N 0 decreases more and more, the G(t) will turn more difficult to be identified. As shown in Figure 8 , when E b /N 0 = 210 dB, the maximum of G(t) is very hard to be located at 200th sample, and then the time delayD est cannot be estimated correctly.
Deviation. In order to improve the precise in low E b /N 0 , standard deviation (STD) of the adjacent 16 G (stdG) is given by Figure 9 and the time delay (D est ) estimated may be obtained bŷ
In ideal environment with no noise, the stdG is simulated in Figure 9 with time delay = 191 samples. Now, there are 12 stdGs, and stdG[1] = 1 is the normalized STD from the data of G[184] to G[199], stdG[2] = 0.8747 from G[168] to G[183], stdG [3] = 0.7495 from G[152] to G[167], ., and so on. It is shown that the stdGs before 10 nearly form a straight line. At the same time, stdG[1] = 1 and stdG [10] = 0 which can be used as a metric to check whether the PeakIndex is corresponding to the time estimation.
However, when E b /N 0 is very low, for example, 210 dB, the PeakIndex = argmax(G) is not located at the sample corresponding to the delay time. As shown in Figure 10 , PeakIndex should be located at 200th sample, but actually it is at 300th. The stdG before iteration shows that stdG [1] is \1, and stdG[10] = 0.57 is .0, as shown in Figure 9 .
The deviation iteration is used to make sure that stdG [1] . 0.9 and stdG[10] \ 0.1, as shown in the flow chart of Figure 11 . If stdG[1] \ 0.9 or stdG [10] . 0.1, there will be an iteration to set G[PeakIndex] = 0, to find the next PeakIndex, then to compute new stdGs, and then to check stdG [1] or stdG [10] again, until the length of stdG is \10 or stdG [1] . 0.9 and stdG[10] \ 0.1. The simulation of stdG after deviation iteration is shown in Figure 10 , and now the PeakIndex is correctly located at 200th sample. 
Performance results and discussion
In this section, the performance and complexity of the proposed method are examined in AWGN channels and Rician channels with the ITU Channel A parameters. The performance metrics employed are mean absolute errors (MAE) and P(x)
where D n is the peak index corresponding to the nth actual time delay, D _ n is the peak index corresponding to the nth estimated time delay, and K is the number of simulation iterations
where CountIF is the number of times the estimated error is not larger than a given value x. For example, P(0) is the average number of times the estimate is correct.
Because vehicles are typically in motion, there will be a Doppler shift given by
where v is the maximum relative vehicle speed which is typically set to v = 100 km/h, f c = 5.9 GHz is the center frequency of the transmitted signal, and c is the speed of light. Carrier frequency offset is unavoidable in practice and hence it is included in the performance evaluation. The SC method with L = 32 (denoted SC-32) has a plateau as shown in Figure 2 , so the timing estimation is difficult. To mitigate this problem, L = 80 is used (denoted SC-80). The timing metric of SC-80 is presented in Figure 12 for an ideal environment with a time delay of 191 samples, and this indicates that there is now no plateau, but the number of values required for the correlation is over twice that of the other methods, so the complexity is higher.
In the remainder of this article, six methods are considered: MathWorks, the proposed method, SC-32, SC-80, RMB, and MZB.
AWGN channel performance
The performance in AWGN channel was simulated K = 2000 times for values of E b /N 0 from 215 to 20 dB. Figure 13 presents MAE for the six methods. These results show that the proposed method provides the best performance, particularly at low to moderate signal-to-noise ratio (SNR) values. For example, when E b /N 0 = 29 dB, the MAE of the proposed method is 6.6 samples, while MAE are only 87 samples for MZB and SC-80, 128 samples for SC-32 and RMB, and 192 samples for MathWorks. When E b /N 0 is \2 dB, the MAE of MathWorks is the highest and when E b /N 0 is .2 dB, the MAE of SC-32 is the highest. Figure 14 presents P(0) for the six methods. These results also show that the proposed method provides the best performance. For example, when E b / N 0 = 26 dB, the P(0) of the proposed method provides 85%, while all the other methods are \7%. For E b /N 0 = 0 dB, the percentage of time the proposed method had no error is 98%, whereas for the same Figure 15 presents P(3) for the six methods. This shows that the proposed method again has the best performance. Furthermore, the results for the proposed method in Figures 14 and 15 are almost the same, but differ significantly for the other methods. When E b / N 0 = 0 dB, P(3) with the proposed method is nearly 98%, but for the same percentage with SC-80, E b /N 0 should be greater than 5 dB; with MZB and MathWorks, E b /N 0 should exceed 10 dB; with RMB, E b /N 0 should be greater than 18 dB; and with SC-32, the P(3) is never greater than 10%.
Multiple path performance
The Rician channel with ITU vehicular Channel A parameters was simulated K = 2000 times for values of E b /N 0 from 210 to 20 dB. There are six paths, with the gains and delays given in section ''System model.'' Figure 16 presents MAE for the six methods in multipath environment. Table 1 shows that all the MAEs of different methods in ITU multiple path channel are lower than those in AWGN channel of Figure 14 , but the proposed method provides the best performance in both AWGN and ITU multiple path channel. Figure 17 presents P(0) for the four methods. This shows that only the proposed method provides adequate performance and when E b /N 0 is higher than 13 dB, MathWorks method can reach nearly 100%. However, for the other methods, P(0) increases at first as E b /N 0 increases, and then decreases to a value near 0. The reason for the behavior is as follows:
1. When E b /N 0 is high, the multiple signal paths cause the time metrics to move to the right, so the timing estimates will be incorrect. Take Figure 17 . Probability that the timing error is zero in ITU vehicular Channel A.
MZB and SC methods as examples, which are illustrated in Figure 18 for the multipath channel with no noise. Therefore, P(0) will be close to 0. However, Figure 19 shows that time metrics of the proposed method do not move, so P(0) will be nearly equal to 100% for a high SNR. 2. When E b /N 0 is very low (nearly 210 dB), the noise levels are high, so it is very difficult to locate the peak, so P(0) is again near to 0. 3. For E b /N 0 around 0 dB, the signal energy is near that of the noise, so it is easier to locate the peak. Now because of the randomization of noise, it is likely that the estimated time happens to be right. Figure 20 presents P(3) for the six methods in the multipath channel. This shows that when E b /N 0 is sufficiently large, the proposed method is the best, which can reach P(3) = 100% at the E b /N 0 of 6 dB, and then the MZB, MathWorks, and SC-80 methods, which can reach P(3) = 100% at the E b /N 0 of 12 dB. However, the performance of RMB and SC-32 is poor for all SNR values. With E b /N 0 is small, the proposed method has the best performance, followed by the SC-80 and MZB methods.
Complexity and efficiency
Although the time complexity of different methods seems like the same, they all have the order of n 2 time complexity, that is, O(n 2 ) using big O notation; however, the running time is not the same actually.
Although the time complexity of the methods is O(n 2 ), the running time differs significantly. The most complex operation is the correlation, so SC-80 has the higher complexity because the number of samples used in the correlation is 80, whereas this number for the other methods is only 32. For the proposed method, the deviation iteration in low E b /N 0 is an important factor which will cause higher complexity.
In order to compare the efficiency of different methods, 1000 iterations were performed for each value of E b /N 0 from 213 to 1 dB, and the average time is given in Figure 21 . Figure 21 shows that when SNRs are lower than 210 dB, the proposed method has the highest complexity because of the deviation iteration, but with these low SNRs, it is very difficult for other methods to estimate time successfully. As the SNRs increasing, the complexity of the proposed method decreases, but it is a little higher than the MathWorks method because of the deviation operation, whereas other four techniques have the highest complexity which is more than three times greater.
Conclusion
In this article, a low complexity, high precise ranging estimation method based on the SP has been developed for vehicular node positioning with IEEE 802.11p wireless communication. A new method based on the correlation-sum-deviation was developed for time offset estimation. The performance of the proposed method was shown to be the best among the several well-known 
